isolated Clostridium thermoaceticum and found that it ferments glucose, fructose, and xylose, with acetate as the only product. Using C1402, found C14 in both carbons of the acetate, and thus demonstrated the existence of a pathway by which carbon dioxide is incorporated into the methyl group as well as into the carboxyl group of acetate. The following mechanism for fermentation of glucose was postulated:
LJUNGDAHL AND WOOD
There is a rapid conversion of CO2 into formate by C. thermoaceticum (Lentz and Wood, 1955) , and formate is preferentially inoorporated into the methyl group of acetate. Therefore, compounds which would occur in this pathway were isolated to investigate their possible role in the formation of acetate from C02 .
MATERIALS AND METHODS
Fixation of C402 with cell suspensions. C. thermoaceticum was grown at 55 C under C02 for 4 to 6 days in the medium described by Lentz and Wood (1955) , which was fortified with 45 ml per liter of boiled and filtered tomato juice. In one of the experiments, xylose (10 g per liter) was substituted for glucose. The cells from 30 liters were harvested in a Sharples continuous-flow centrifuge and suspended under N2 gas in 150 ml of 0.1 M potassium phosphate buffer (pH 7.0) containing 0.005 M cysteine. The suspension was transferred under N2 into a flask stoppered with a serum bottle cap, through which additions were made by injection with a hypodermic needle. The cells were incubated together with glucose or xylose for 10 min at 55 C while gassing with N2 .
Then the gassing was stopped, and radioactive potassium bicarbonate was injected; after 5 sec, 60% perchloric acid was injected to give a final concentration of 6%. The flask was then opened, and the unreacted C'402 was removed by bubbling C1202 through the mixture for 1 hr.
Fractionation of the reaction mixture. The acidic mixture was centrifuged, and the precipitate was washed three times with a volume of 6% perchloric acid equal to that of the packed cells. The combined supernatant solution and washings were neutralized with potassium hydroxide, and the precipitated potassium perchlorate was removed by centrifugation. The solution was fractionated by two methods. In the first procedure, the solution was brought to pH 2 with sulfuric acid and was then extracted continuously with ether for 42 hr. Ether-soluble carboxylic acids were isolated from the extract. The residue of the extraction was passed through a column of (H form) , from which amino acids were recovered by elution with 0.2 N ammonium hydroxide. The effluent from the Dowex-50 column was passed through a column of Dowex-1-formate to remove any acid substances and thus obtain the neutral compounds in the effluent. The second procedure was that of LePage (1957) to obtain the phosphate esters as barium-water insoluble and barium-alcohol insoluble fractions. The barium phosphates were converted to free acids by treatment with Dowex-50 (H form) and then neutralized with sodium hydroxide. The individual phosphate esters were isolated from these solutions as described below.
Purification, identification, and degradation of carboxylic acids. The ether-soluble fraction after neutralization was evaporated to dryness and then chromatographed on Celite 535 as described by Swim and Krampitz (1954) . The radioactivity and the amount of acid were determined in the fractions, and the identity of the acids in the fractions was confirmed by paper chromatography with at least three different solvents.
Acetic acid from the Celite column was steamdistilled and then degraded by the Schmidt procedure (Phares, 1951) . Formic acid was steamdistilled and then oxidized to C02 with mercuric chloride according to Piria (1946) . Lactic acid was crystallized to constant radioactivity as its guanidine salt (Phelps and Palmer, 1917) before degradation by the method of Friedemann and Graeser (1933) . Succinate was purified by vacuum sublimation at 135 to 145 C.
Purification and identification of sugar phosphates. The following analytical procedures were used for assay of sugar phosphates or free sugars: glucose-6-phosphate was assayed with glucose-6-phosphate dehydrogenase (Horecker and Wood, 1957) ; fructose-6-phosphate was also assayed by this procedure by including hexose phosphate isomerase in the reaction; fructose-1,6-diphosphate with aldolase and glyceraldehyde phosphate dehydrogenase (Mandl and Neuberg, 1957) ; total hexose with anthrone (Koehler, 1952) ; fructose with resorcinol (Roe, 1934) ; and pentoses wit.h orcinol (Mejbaum, 1939) .
Fructose-6-phosphate, glucose-6-phosphate, and ribose-5-phosphate were isolated from the barium-alcohol insoluble fraction, and fructose-1,6-diphosphate was isolated from -the bariumwater insoluble fraction. These fractions were applied at pH 7.0 to Dowex 1 X 8 formate columns 30 cm long and 1 cm in diameter. The columns were washed with water, and the monophosphates were eluted with 0.2 N ammonium formate buffer (pH 4.0) after which the concentration of the formate buffer was gradually increased to elute diphosphates. The elution was followed by determinations of radioactivity and total phosphate (Bartlett, 1959) . The sugar phosphate fractions were treated with charcoal (Norit A) and lyophilized to remove most of the ammonium formate. The free sugars were obtained by incubating the phosphate esters at 37 C with enough prostate phosphatase in 0.2 N acetate buffer (pH 5.5) to obtain complete hydrolysis within 6 hr. The hydrolysis was followed by determining the formation of inorganic phosphate (Bartlett, 1959) . The incubation mixture was desalted by passing it through columns of Dowex-50 and Duolite A-4. The resulting solution was streaked on Whatman 3 MM paper and chromatographed with ethyl methyl ketone-acetic acid-40% boric acid in water (9:1:1; Dickens and Williamson, 1958) as a solvent. A strip of the paper from the edge of the chromatogram was sprayed with silver nitrate (Partridge, 1948) to detect the sugars. Strips containing the individual sugars were then cut from the paper and eluted with water. The concentration of sugar was determined, and then carrier sugars were added prior to chromatography on a cellulose column according to Schambye, Wood, and Kleiber (1957 (Bernstein and Wood, 1957) . During this investigation, Busse, Kindel, and Gibbs (1961) published results indicating that there was some randomization of C14 of fructose by this procedure. However, by fermentation of 4-and 5-C'4-fructose, it was shown that the results of the microbiological degradations could be used in spite of this randomization (Ljungdahl, 1962) . Moreover, some fructose samples were degraded chemically by the procedure of Brice and Perlin (1957) . Ribose was degraded microbiologically (Bernstein and Wood, 1957) . Separation and identification of amino acids. The amino acids were separated on a preparative Amberlite IR-120 column (1.9 by 150 cm) by the method of Moore, Spackman, and Stein (1958) . A Beckman Spinco amino acid analyzer (model 120) was used which was equipped with a divider for the eluate, permitting analysis as well as collection of fractions. The amino acids were identified by their elution pattern and by paper chromatography.
Aspartate was degraded by first converting it to malate from which the a-carboxyl was obtained by treatment with sulfuric acid (Racusen and Aronoff, 1953) . In addition, the malate was oxidized with potassium permanganate, to obtain CO2 from both carboxyls and acetaldehyde from carbons 2 and 3 (Wood et al., 1942) . The latter was oxidized to acetic acid and degraded by the Schmidt reaction (Phares, 1951) .
Methionine was degraded by the method of Simmonds et al. (1943) , to obtain the methyl group as tetra methyl ammonium iodide, which was crystallized.
Radioactivity measurements. All compounds from the degradations were oxidized to CO2 by the procedure of Van Slyke and Folch (1940) , and the radioactivity of the CO2 was determined with a gas-phase proportional counter (Bernstein and Ballentine, 1950) . Radioactivity in fractions from chromatograms was determined by evaporating samples to dryness on glass planchets, and by measurement with a low-background NuclearChicago counter. The radioactivity of the amino acids was determined in a Packard Tri Carb liquid scintillation counter. All determinations of radioactivity were corrected to values comparable to the gas proportional counter.
Enzymes and chemicals. Hexose phosphate isomerase was a gift from Henry Sable. Glucose-6-phosphate dehydrogenase was prepared from yeast (Kornberg and Horecker, 1955) . Triosephosphate dehydrogenase and aldolase were gifts from Joseph Mendicino. Prostate phosphatase was prepared by the method of Davidson and Fishman (1959) , from human prostate glands obtained by surgery at Lakeside Hospital, Cleveland, Ohio. Radioactive potassium bicarbonate was prepared from BaC403 by acidification with perchloric acid, and the liberated C402 was trapped as KHCO3 in an equivalent amount of potassium hydroxide. Cell-free extracts from C. thermoaceticum were prepared from a 25% cell press. These extracts were used to test for C1402 fixation via carboxydismutase according to methods described by Weissbach, Smyrniotis, and Horecker (1954) .
RESULTS
Fractionation of C14-labeled compounds. Table  1 presents the conditions used in four experiments in which radioactive carbon dioxide was fixed during fermentation of glucose or xylose by cell suspensions of C. thermoaceticum. The cells used in experiment 4 were grown on xylose because of the desire to isolate pentose phosphates from this incubation.
The distribution of C'4 in the fractions from these experiments is shown in Table 2 . The perchloric acid extract contained almost all of the fixed radioactivity; less than 1% was found in the cellular debris and precipitated protein.
Approximately 0.3% of the added C'4 was fixed in experiments 1 and 2 [experiment 1, (6.64 X 10-6/2,000 X 10-6) X 100] and about 10% in experiments 3 and 4. At present, there is no (Ljungdahl and Wood, 1963) . The high radioactivity in formate is in agreement with observations by Lentz and Wood (1955) .
C14 in amino acids. Table 4 shows the specific activities and the total C14 contents of the free amino acids from experiment 4 after 5 sec of incubation with C1402. Less than 50% of the C14 was recovered from the preparative column, but only those compounds which react with ninhydrin were determined. Several unidentified substances reacting with ninhydrin appeared on the chromatograms, but they were all of low specific activity and were not further characterized. All amino acids except aspartate had a lower radioactivity than the acetate. It is noteworthy that alanine, glycine, glutamate, serine, and methionine all had low C14 activities. Aspartate, which may reflect the distribution of C'4 in C4-dicarboxylic acids, was degraded, with the results listed in Table 5 . Almost all the C14 activity resided in the carboxyl carbons which had equal specific activities, but the specific activity of the a-carbon was higher than that of the ,3-carbon.
C14 in sugar phosphates. Fructose-1, 6-diphosphate, fructose-6-phosphate, and glucose-6-phosphate were isolated in experiments 3 and 4 t Methionine was degraded to obtain C14 of the methyl group, which was unlabeled. and ribose-5-phosphate, in experiment 4. The dephosphorylated sugars were degraded (Table  6) . Fructose-i , 6-diphosphate, which was the only sugar with a higher specific activity than the acetate, had a specific activity 10 times higher than the fructose-6-phosphate. The latter had more C14 activity than the glucose-6-phosphate. G-6-P = glucose-6-phosphate; F-6-P = fructose-6-phosphate; F-1,6-P = fructose-1,6-diphosphate; R-5-P = ribose-5-phosphate. The substrate for each experiment is given parenthetically. b The combined total radioactivity in glucose-6-phosphate, fructose-6-phosphate, and ribose-5-phosphate from experiment 4 was 1,020,000 count/min and in fructose-1,6-diphosphate, 7,135,000 count/min. c Degraded by chemical method.
d Count per minute per micromole of C02 from combustion X 6.
¢ The glucose-6-phosphate and fructose-6-phosphate were contaminated. The impurity was ribitol, which probably is not fermented by Leuconostoc mesenteroides, and the degradation should reveal the true distribution of C"4. hexoses and in carbon 3 of the ribose. The distribution of C" between C-1,2,3 and C-4,5,6 of the hexoses was highly asymmetric. In experiment 4, carbons 4, 5, and 6 of the fructose-1,6-diphosphate contained 60% of the C"4; 84% was in these carbons of the fructose-6-phosphate and 85% was in the glucose-6-phosphate. The results were similar in experiment 3.
Of the radioactivity in the perchloric acid extract from experiment 4, about 81% has been accounted for in known compounds.
Fixation of C02 by cell-free extracts. Cell-free extracts of C. thermoaceticum were tested for the ability to fix C1402 in the presence of different sugar phosphates (Table 7) . No stimulation of the C1402 fixation was observed in the presence of ribose-5-phosphate and glucose-6-phosphate. Fructose-6-phosphate mxld fructose-1, 6-diphosphate were slightly stimulatory, and phosphoenol pyruvate caused an increase in the fixation of C1402. The failure to obtain fixation of C02 with ribose-5-phosphate indicates that C02 is not fixed via the photosynthetic cycle involving the carboxydismutase reaction. DISCUSSION There is convincing evidence based on experiments with labeled glucose that carbons 1, 2, 5, and 6 give rise to acetate and carbons 3 and 4, to C02 in the fermentation by C. thermoaceticum, and that the C02 in turn is converted to acetate. All attempts to demonstrate the carboxydismutase reaction have failed, and the synthesis of the carbon-to-carbon bond from C02 by a modification of the Calvin photosynthetic cycle seems unlikely. Therefore, the possibility of synthesis of an acetate precursor by direct combination of two one-carbon compounds seemed worth consideration. Krampitz, Suzuki, and Greull (1961) showed that dihydroxyethyl thiamine diphosphate can be synthesized by addition of two equivalents of formaldehyde to thiamine diphosphate at pH 8.8. Furthermore, Votaw et al. (1963) showed that dihydroxyethyl thiamine diphosphate is cleaved in the presence of phosphate by phosphoketolase to acetyl phosphate. It seemed possible that this mechanism or one similar to it might be involved in the synthesis of acetate from CO2 by C. thermoaceticum. Dihydroxyethyl thiamine diphosphate also is an intermediate of the transketolase reaction (Krampitz et al., 1961) , and it therefore appeared likely that if CO2 were utilized via this mechanism the pentose phosphates would become labeled in C-1 and C-2 from C'402 by C. thermoaceticum.
Experiment 4 with xylose was therefore set up to test this possibility. This substrate was used because the pool of pentose phosphate might be increased and thus make it easier to isolate a significant quantity of pentose phosphate from the cells. C. thermoaceticum ferments xylose with the formation of acetate (Barker, 1944 (Wood, 1952a) .
At the present time, we have no definite explanation of the extensive labeling of the 3-and 4-carbons of the fructose-1,6-diphosphate. It is known that C. thermoaceticum contains a thiamine-dependent pyruvate carboxylase which catalyzes a very rapid exchange of CO2 with the carboxyl group of pyruvate (Ljungdahl and Wood, 1963) . The high C14 content found in the carboxyl group of lactate (Table 3) It might seem unlikely that C'402 would reach fructose-1,6-diphosphate by reversal of such a long series of reactions. At present, however, this seems to be the most likely explanation of the labeling. The high C14 content of the ribose-5-phosphate in carbon-3 could occur via transketolase exchange between xylulose-5-phosphate LJUNGDAHL AND WOOD and the labeled glyceraldehyde-3-phosphate followed by epimerization and isomerization to ribose-5-phosphate: transketolase + xylulose-5-phosphate ± glyceraldehyde-3-phosphate + transketolase-dihydroxyethyl thiamine diphosphate
In the same manner, the higher labeling of the 4 position of fructose-6-phosphate compared with the 3 position can be explained by transaldolase exchange (Ljungdahl et al., 1961) . In addition, the fructose-6-phosphate and glucose-6-phosphate may also become labeled by some dephosphorylation of fructose-1, 6-diphosphate, accounting for the low labeling in C-3.
The question might be raised whether the doubly labeled acetate may not arise by cleavage of the 3-and 4-labeled fructose-1,6-diphosphate to three acetate molecules. The cleavage of fructose-6-phosphate to acetyl-phosphate and erythrose4-phosphate, and also the cleavage of erythrose-4-phosphate to two C-2 compounds, was considered by Schramm, Klybas, and Racker (1958) . However, doubly labeled acetate is formed from pyruvate and C'302 (Wood, 1952a) , and the bacteria have a strong phosphoroclastic reaction (Ljungdahl and Wood, 1963 (Hayaishi et al., 1956 ). Alternatively, oxaloacetate is reduced to malate which, after activation to malyl-coenzyme A (CoA) is cleaved to acetyl-CoA and glyoxylate (Tuboi and Kikuchi, 1962 ). Oxalate or glyoxylate may then be recycled via glycine. The data from this investigation appear to exclude this pathway. The isolated free serine and glycolate had low radioactivity compared with acetate. Lactate, which reflects the labeling of pyruvate, had no C14 in the methyl carbon. Furthermore, aspartate, which is an indicator of the distribution of C14 in malate and oxaloacetate, had almost all its activity in the carboxyl groups. A cleavage of the latter acids would therefore yield only carboxyl-labeled acetate.
The fact that serine acquired low radioactivity and the methyl group of methionine was unlabeled indicates that the methyl group of acetate is not formed via compounds containing C-1 units in equilibrium with either serine or methionine. This is especially interesting in connection with the recent findings by Poston, Kuratomi, and Stadtman (1964) that C'4-methyl-B12 gives rise to the methyl group of acetate in extracts of C. thermoaceticum. Methyl-B12 has also been found to be a donor to the methyl group of methionine (Guest et al., 1962) in Escherichia coli.
If methyl-B12 is an intermediate in the synthesis of methionine and of acetate in C. thermoaceticum, it must exist in two separate pools. Most probably, the methyl-B12 is firmly bound to two different enzymes, one for methionine synthesis and a second for acetate formation.
The high radioactivity of formate, and the finding by Lentz and Wood (1955) that it is preferentially incorporated into the methyl group of the acetate, suggests that formate may be a precursor of methyl-B,2, which may be the immediate precursor of the methyl group of the acetate. It seems possible that CO2 combines with methyl-B,2, forming carboxymethyl-B,2, which is cleaved to yield acetate and B12. This is indicated by the finding of Ljungdahl, Irion, and Wood (Federation Proc., in press ), who isolated from intact cells a B12 derivative in which a ligand group is formed from C402. The compound appears to be a precursor of acetate and is cleaved by light to labeled C02, formaldehyde, methanol, and small amounts of unidentified acids.
It is of interest that Butyribacterium rettgeri is able to incorporate C1402 into both carbons of acetate (Barker, Kamen, and Haas, 1945 Barker (1954) 
